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Introduction 
A Λ hypernucleus, which is the many body system made of u, d, and s quarks, is a good probe to 
investigate the nuclear interaction based on the flavor SU(3) symmetry. AbsoluteΛbinding energies 
(BΛ) for ground states of light hypernuclei up to p-shell were measured by the emulsion experiments 
in 1960's~70's with a precision of a few tens to a few hundreds keV in statistical uncertainty 
[NPB52(1973)1, NPA754(2005)3c]. The BΛ is one of the most important information to understand 
the interaction between Λ and nucleon (ΛN interaction) in the nuclear medium. The emulsion data 
triggered many interesting discussions, for example, the potential of theΛN interaction, the charge 
(isospin) symmetry breaking between Λp-Λn (ΛN CSB), and the Σ particle mixing effect in Λ 
hypernuclei. These BΛs which were measured by the emulsion experiments are still used with many 
theoretical calculations, and especially that of 12ΛC is used as an energy reference for the (π+,K+) and 
the (K-,π-) missing mass spectroscopies. On the other hand, a systematic uncertainty of the absolute 
BΛs in the emulsion experiments is one of the unclarified issues, because we cannot find detailed 
explanations about the systematic uncertainties in the literatures. 
In this thesis, we devised a new hypernuclear mass spectroscopic method using a cutting-edge 
technique, named ``hypernuclear decay pion spectroscopy''. In this method, we designed an 
experiment to measure the hypernuclear ground state with an energy resolution of σ=100 keV, and 
determine the absolute Λ binding energy of light hypernuclei with an accuracy of ≦100 keV, which is 
the highest accuracy in the hypernuclear experiments including a systematic uncertainty. The 
hypernuclear decay pion spectroscopy has a great potential to investigate the BΛ for ground state of 
light hypernuclei. 
New experimental technique ``Decay pion spectroscopy'' 
In this experiment, the BΛ of a hypernucleus is deduced by measuring a monochromatic momentum of 
a pion pπ- from two-body decays of the hypernucleus stopped in the target as follows: 
－BΛ = MHYP – (Mcore + MΛ), 
MHYP = √(Mnucl2 + pπ-2) + √(Mπ-2 + pπ-2), 
where Mcore, MΛ, MHYP, Mnucl, Mπ- are a mass of a core nucleus, a mass of Λ, a mass of hypernucleus. a 
mass of daughter nucleus, and a mass of π－, respectively. 
Because these masses are well known quantities, the absolute BΛ can be deduced only from the 
momentum of the decay pion. Simultaneously, a K+ is tagged to suppress π－ backgrounds from non-
strangeness productions. 
In this method, observable hypernuclei are not only directly produced hypernuclei such as [AΛ(Z-1)] 
from a target [AZ] but also hyperfragments, which are fragmented hypernuclei produced by breakups 
of the nucleus due to recoil momentum transfer in the reaction. Therefore, the BΛ of the 
hyperfragment is also able to be deduced by measuring a monochromatic momentum of the decay pion, 
if the hyperfragment has enough branching fraction for two-body decays with a π－ emission. 
One of the experimental challenges is how to get enough hypernuclear yield keeping a high 
momentum resolution and a good signal-to-noise ratio. In order to overcome this difficulty, target 
thickness, target angles, and spectrometer positions were optimized by the Monte Carlo simulation 
using GEANT4 (simulation toolkit) including physics processes and hyperon production's cross 
sections based on the isobar model (KMaid) etc. 
We performed the experiments to prove a principle at Mainz Microtron (MAMI-C) in Johannes 
Gutenberg University Mainz. 
Experimental apparatuses 
Hypernuclei were produced with a 125-μm thick 9Be target using the electron beam. The strangeness 
production was identified with K+ tag in the K+ spectrometer (Kaos) which was installed at very 
forward angles with respect to the beam. Kaos consisted of a dipole magnet, a ~10-cm thick lead wall 
for e+ background suppression, three layers of scintillation counters (TOF) for K+ identification using 
time-of-flight method, and two layers of aerogel Cherenkov counters (AC) for π+‐K+ separation. The 
lead wall, one layer of TOF, and the AC counters were newly constructed. 
The momentum of decay pions from hypernuclei was measured by the well-established vertical 
bending high resolution spectrometers (Spek-C), whose relative momentum resolution is Δp/p ~ 10-4. 
The spectrometer consisted of the magnets (QSDD) and the detector package (drift chambers for 
particle tracking, two layers of scintillation counters for a time reference, and a gas Cherenkov detector 
for π－-e－ separation). 
We performed a feasibility test in 2011 and a hypernuclear production experiment in 2012. In the 
production experiment, we took data about 2 weeks with 20-μA beam intensity of 1.5 GeV electron. 
Analysis and results 
After selections of K+s in Kaos and π－s or μ－s in Spek-C, respectively, a coincidence peak between K+ 
and π－ (``π－, K+'' coincidence) were clearly observed in the coincidence time spectrum with a time 
resolution of σ~1.4 ns. The decay pion events from hyperon decays were selected from this peak with 
a time gate of ±1.25 ns. Events from off-time gate were used to estimate the accidental coincidence 
background shape in the pion momentum distribution. 
A monochromatic peak was observed with a peak significance of 7.9σ at pπ‐~133MeV/c on a π－ 
momentum distribution in Spek-C after the ``π－, K+'' coincidence time selection. The peak resolution 
was 0.22 MeV/c (FWHM), and its width was consistent with the expected resolution from the 
calibration data using the elastic scattered electron. This peak corresponds to the events for the two-
body decay of the stopped 4ΛH→4He+π－; that was the first observation in the decay pion spectroscopy 
of electro-produced hypernuclei. The continuous background on the accidental background comes 
from the weak decay pions of the in-flight decayed hyperons such as Σ－ → n + π－. Because the peak 
width in the old emulsion experiment is ~1.4 MeV (FWHM) by fitting with the Gaussian. Our data 
achieved 10 times better resolution in comparison with the previously available data. 
The absolute value of the pion momentum was calibrated with the elastic scattered electron 
of 181Ta(e,e')181Ta using a 195.17 MeV electron beam. 
Differences of the energy loss and the multiple scattering effect in absorbers (the target, the vacuum 
windows, and the air) between the scattered electron and the decay pion were corrected by using 
detailed Monte Carlo simulations. 
The pion momentum distribution was fitted by the un-binned maximum likelihood method with the 
Landau function convoluted with the Gaussian. 
In the fitting, a peak position was set as a free parameter, while the parameters for the width were 
limited based on the peak shape of the elastic scattering data. The peak momentum was obtained as             
pπ－=132.92±0.02(stat.)±0.12(sys.) MeV/c. The systematic uncertainty was dominated by the beam 
energy uncertainty in the elastic scattering data (±0.11 MeV/c). We estimated other sources of the 
systematic uncertainty such as a pion spectrometer's angle, a beam position, energy loss corrections, 
stabilities of the magnetic field, and a momentum linearity, however, these effects were negligibly small. 
Finally, we translated the peak momentum to the BΛ of 4ΛH as follows: 
BΛ (4ΛH g.s.) = 2.12±0.01(stat.)±0.09(sys.) MeV. 
This result achieved the highest precision. Because the BΛ of 4ΛH in the available data was 
2.04±0.04(stat.) MeV, the central value of the present data was 0.08 MeV deeper. However, it is 
consistent within the experimental uncertainty. This result supports the large ΛN CSB effect for the 
ground state in A=4 hypernuclear system. 
Summary 
The hypernuclear decay pion spectroscopy was proposed to determine the Λ binding energy of light 
hypernuclei with an accuracy of ≦100 keV. We designed this new experiment to achieve the goal, and 
performed the first experiment at MAMI-C. As a result, we successfully observed the monochromatic 
pion peak of 4ΛH→4He+π－; that was the first observation in this method. After the careful calibration 
for the absolute momentum, we obtained the BΛ of 4ΛH as: 
BΛ (4ΛH g.s.) = 2.12±0.01(stat.)±0.09(sys.) MeV, 
that achieved highest precision in the hypernuclear mass spectroscopies. 
The experiments in this thesis is the first step of the new hypernuclear mass spectroscopic method, 
and measurement of other hypernuclei will follow in subsequent experiments. We already took 
additional data with the higher yield in 2014, and obtained the consistent result to the present thesis. 
In addition, the dominated systematic error due to the beam energy uncertainty will be improved with 













































エネルギーを精密測定し、質量数 4 のラムダハイパー核では大きくΛN 相互作用の荷電対称性が
破れているということを示した極めて重要な実験的インプットである。 
 4ΛH ハイパー核の測定成功により大きな可能性を示した本手法を今後、他のハイパー核研究に
展開し、精度を向上させるための方策についても永尾氏は博士論文内で議論している。 
 「電磁生成したハイパー核の崩壊π中間子分光」の実験デザイン、実験遂行、データ解析の全
てを国際共同研究のもと中心的に遂行し、本研究手法を確立した永尾氏は、自立した研究者に要
求される高度な研究能力と学識を有している。 
 よって永尾翔氏提出の博士論文を、博士（理学）の学位論文として合格と認める。 
